Prostanoids derived from the activity of cyclooxygenases and their respective synthases contribute to both active inflammation and immune response in the tumor microenvironment.
Introduction
Gliomas are primary tumors of the central nervous system and are considered to be derived from glial cells. The diffuse gliomas are divided into categories including the grade II and III oligodendrogliomas, the grade II and III astrocytomas and the grade IV glioblastoma (GBM). Despite improvements in treatment options which include surgery, radiotherapy and chemotherapy, the prognosis for patients with the higher grade gliomas remains poor and the search for novel treatment strategies is essential for these tumors [1] .
Prostanoids are 20-carbon bioactive lipids derived from the metabolism of polyunsaturated fatty acids (PUFAs). Their synthesis is initiated by the hydrolysis of membrane glycerophospholipids through the catalytic activity of cytosolic phospholipase A 2 to release 20-carbon PUFAs, the most predominant being arachidonic acid (AA).
Prostaglandin endoperoxide H synthase 1 or 2, more commonly known as cyclooxygenase (COX) 1 or 2, then catalyzes a reaction in which molecular oxygen is inserted into AA. The unstable prostaglandin (PG) intermediate which is produced, prostaglandin G 2 (PGG 2 ), is converted to prostaglandin H 2 (PGH 2 ) by the peroxidase activity of the COXs [2] . Specific synthases then convert PGH 2 into the respective prostaglandins (PGD 2 , PGE 2 and PGF 2α ), prostacyclin (PGI 2 ) and thromboxane (TXA 2 ). The synthesis of PGE 2 involves one of three potential enzymes, cytosolic PGE synthase (cPGES), microsomal PGE synthase 1 (mPGES1) and microsomal PGE synthase 2 (mPGES2) [3] . Both COX2 and mPGES1 are inducible enzymes typically upregulated in inflammatory situations and both are known to be overexpressed in several types of cancer [4] [5] [6] [7] . In addition, their overexpression is concomitant with the increase in PGE 2 content found in many tumors [7] [8] [9] . PGE 2 is considered to be a major contributor to tumor development and progression through its stimulation of cell proliferation, survival, migration and invasion [7, 10] .
While overexpression of PG synthesizing enzymes can obviously contribute to increased PG content in tumors the role of PG deactivation pathways is less well established, particularly in gliomas [10] . The prostaglandin transport protein (PGT), also known as SLCO2A1, is responsible for uptake of PGs from the extracellular space and is thought to be the rate-limiting step for PG deactivation [11] . The first enzyme in the deactivation of PGE 2 , PGE 1 , PGF 2α , PGF 1α and PGI 2 is NAD + -dependent 15-hydroxyprostaglandin dehydrogenase (15-HPGD) which forms 15-keto PGs, which have significantly reduced biological activity.
These 15-keto PGs are then converted to 13, 14-dihydro-15-keto PGs by the prostaglandin reductases (PTGRs) [12] . The PTGR1 enzyme is not only capable of 15-keto PG reduction but also the reduction of leukotriene B 4 and lipoxin A 4 [13] . Reduced expression of 15-HPGD has been reported in some tumors and it has been proposed as a possible tumor suppressor gene in certain tissues including breast, lung, colon, pancreas and bladder [4, [14] [15] [16] [17] . A recent study also found an association between a single nucleotide polymorphism in the 15-HPGD gene and prostate cancer risk [18] . Whether 15-HPGD acts as a tumor suppressor in gliomas has not been addressed. However, there is evidence in the literature that inhibition of glioma proliferation by non-steroidal anti-inflammatory drugs (NSAIDs) could be mediated partly through upregulation of . The role of PTGRs in tumor suppression remains inconclusive and is possibly tissue-dependent [20] [21] [22] [23] [24] . The prostanoids derived from the activity of COX and their respective synthases are known to contribute to both active inflammation and immune response in the tumor microenvironment [7, 25] . Their role in GBM has not yet been fully explored and both their synthesis and deactivation require further study in the search for novel targets for translational research and drug development [10, [26] [27] [28] .
In the present study we initially determined the expression of the enzymes involved in the synthesis and deactivation of PGs then analyzed the fatty acid composition and PG 6 content of grade II, III and IV gliomas. These data were compared with patient survival and significant correlations were identified with PGE 2 and PGF 2α concentrations as well as 15-HPGD and PTGR1 mRNA expression levels in tumors. Our findings highlight the potential importance of the enzymes 15-HPGD and PTGR1 as prognostic biomarkers which could be used to predict survival outcome of GBM patients. Controlling the balance between the activities of these two enzymes could also be a promising target for the development of novel treatment options in the future.
Materials and Methods

Quantitative real time PCR
RNA was isolated from tumor samples frozen and stored in liquid nitrogen, using Trizol reagent (Invitrogen, USA). Complementary DNA (cDNA) synthesis was performed with 1μg total RNA using the MMLV Reverse Transcriptase (Invitrogen) according to the manufacturer's protocol. Real-time PCR was performed using the using the SYBR Green 18S, HPRT1 and TBP were used as housekeeping genes to normalize mRNA expression [29, 30] . Data are presented normalized with the expression levels of TBP which had the smallest variation in expression across the patient group (Suppl. Fig. 1 ). The Ct value of detected genes was obtained from three independent experiments and quantified using the 2−ΔΔCt method.
Gas Chromatography-Electron Impact Mass Spectrometry
Lipids were extracted from tumor samples frozen and stored in liquid nitrogen by the method of Folch [31] and fatty acid methyl esters were formed by the sulfuric acid/anhydrous methanol method [32] . The fatty acid methyl esters were separated on a DB-23 column [(50% cyanopropyl)methyl polysiloxane, 0.25 µm film thickness, 0.250 mm x 60 m], injection port 220°C, column-mass spectrometer interface 250°C, carrier gas helium (99.999%), in a Shimadzu GCMS model QP5050. The oven program used was as follows:
150°C held for 2 min post injection, then 150-200°C at a rate of 10°C/min; 200-230°C at 1.3°C/min; 230-250°C at 10°C/min. Samples were run in duplicate and individual fatty acid methyl esters were identified by comparison with authentic fatty acid standard retention times and mass spectra [33] .
Liquid Chromatography-Tandem Mass Spectrometry (LC-MS/MS)
Tumor samples frozen and stored in liquid nitrogen were adjusted to 15% (v/v) with ice cold methanol and kept at 4 °C. Freshly prepared internal standard (PGB 2 -d4) (40ng) was added to each sample. The samples were centrifuged to remove precipitated proteins and the supernatant was acidified to pH 3.0 with 0.1 M hydrochloric acid then immediately loaded onto C18 SPE cartridges preconditioned with 20 mL of 15% methanol and 20 mL water.
After samples were loaded and passed through the SPE column, the cartridges were washed with 20 mL of 15% methanol, followed by 20 mL water, and then 10 mL of hexane to remove excess water. Finally, eicosanoids were eluted in 15 mL of methyl formate. The solvent was evaporated under nitrogen in the dark and the residue was dissolved in 100 μL of 70% (v/v) ethanol to be injected into the LC-MS/MS [34] . Samples were run using Solvent A -H 2 O (0.2% acetic acid); solvent Cacetonitrile (0.2% acetic acid). With a gradient as follows: 0-10 min, 60% A : 40% C; 10.01-13 min, 60%-10% A : 40%-90% C; 13.01-15 min, 10% A : 90% C; 15-15.01 min, 10%-60% A : 90%-40% C;
15.01-19 min, 60% A : 40% C; 19.01 min-end, 100% A. Samples were run in triplicate and two separate extractions were done for each patient sample. The results were analyzed using Thermo XCalibur software and prostanoid concentration was normalized against protein content as ng/mg protein [33] .
Patients and glioma samples
Twenty three patients with gliomas were included in the study. The samples included two Grade II astrocytomas, one Grade II oligoastrocytoma, one Grade II oligodendroglioma, three Grade III oligodendrogliomas, and 16 Grade IV GBMs. This study was approved by the 
TCGA and other dataset analysis with GlioVis
The analysis of TCGA, Rembrandt and other datasets was performed using the GlioVis data portal for visualization and analysis of brain tumor expression datasets [36] .
Statistical analysis
Where appropriate, data are presented as the mean ± SEM. Statistical analysis was carried out using GraphPad Prism 5 software and differences were considered to be significant at p<0.05. Statistical tests used on relevant data were one-way ANOVA with Fig. 2 were calculated using the GlioVis data portal for visualization and analysis of brain tumor expression datasets [36] .
Results
mRNA expression of prostanoid deactivation pathway enzymes correlates with poor survival
Quantitative real time PCR was used to determine the expression levels of selected proteins of the prostanoid pathway and its G protein-coupled receptors in GBM (Fig. 1A) .
The expression levels of the prostaglandin H synthase enzymes commonly referred to as cyclooxygenases 1 and 2 (COX1 and COX2) did not differ significantly from each other ( Fig.   1A ) and were not correlated with survival ( Fig. 1B-C) . The prostaglandin E synthase mPGES1 was significantly correlated (p=0.0414) with patient survival where higher levels of mRNA were correlated with poor survival (Fig. 1D ). Median survival for high mPGES1 was 4 months versus 11 months for low mPGES1. The prostaglandin E synthase mPGES2 showed no relation to survival ( Fig. 1E ). Neither the EP2 nor the EP4 G protein-coupled receptors for PGE 2 were found to correlate with survival ( Fig. 1F -G). The prostaglandin transport protein PGT, also known as SLCO2A1, responsible for uptake of PG's from the extracellular space also showed no relation to survival (Fig. 1H ).
However, when two of the major PG deactivation pathway enzymes were analyzed a significant correlation was found. In the case of the first enzyme in the pathway, 15-HPGD, a significant correlation (p=0.0016) was found where higher levels of mRNA were correlated with better survival (Fig. 1I ) Median survival for high 15-HPGD was 13 months versus 4 months for low 15-HPGD. On the other hand, the next enzyme in the deactivation pathway, prostaglandin reductase 1 (PTGR1), showed an inverse correlation with survival where lower levels of PTGR1 were correlated with better survival (p=0.0157) ( Fig. 1J ). Median survival for high PGTR1 was 4 months versus 14 months for low PGTR1. Using the mRNA expression ratio of PTGR1/15-HPGD also gave a significant correlation with survival where a high PTGR1/15-HPGD ratio correlated with poor survival (Fig. 1K ). Median survival for high PGTR1/15-HPGD was 4 months versus 11 months for low PGTR1/15-HPGD.
In order to validate the results from our patient group, we used GlioVis software to analyze larger GBM datasets including TCGA, Rembrandt and other selected studies. Similar to our results, neither COX1 nor COX2 showed convincing correlation with patient survival in most studies despite a significant result for COX1 (p=0.0348) in the TCGA dataset ( Fig.   2A -D). The results for mPGES1 were variable with the RNA seq TCGA data and the Gravendeel study data identifying a significant correlation similar to our data (p=0.0327 and p=0.0021, respectively), while the Rembrandt dataset did not identify a correlation ( Fig. 2E -G). The mPGES2 enzyme ( Fig. 2H ) showed no correlation with survival, confirming the results found in our study. The PGE 2 G coupled-receptors EP2 and EP4 (Fig. 3A-B ) showed no correlation with survival, also confirming the results found in our study. The PG transporter PGT (SLCO2A1) was also unrelated to survival in the TCGA database as was the case in our study (Fig. 3C) .
The 15-HPGD expression levels in the TCGA datasets confirmed our data, showing a significant correlation with survival (p=0.0048 and p<0.0001) ( Fig. 3D-E) . The inverse correlation which we identified for PTGR1 in our study was also confirmed in the Rembrandt and Gravendeel datasets (p=0.0056 and p=0.0133, respectively), where higher PTGR1 was correlated with poor survival (Fig. 3F-G) . The PTGR1 gene was not available in the TCGA dataset for GBM, but showed a similar inverse correlation with survival in the TCGA low grade glioma dataset (p<0.0001) ( Fig. 3H ). Neither PTGR2 nor PTGR3 (ZADH2) expression showed a correlation with patient survival (Suppl. Fig. 2 ).
Fatty acid composition differs between grade II/III gliomas and GBMs
While the mRNA data showed correlations between certain prostanoid pathway enzymes and patient survival the actual quantity of both fatty acid substrate and prostanoid products needed to be determined in order to make a stronger case for the importance of prostanoid metabolism in GBMs. Gas chromatography-electron impact mass spectrometry was used to determine the fatty acid composition of grade II, grade III and grade IV gliomas in order to identify whether different patterns of fatty acid composition could be detected.
The major differences found in grade II/III versus grade IV gliomas was a significant decrease in palmitic acid (16:0), a significant increase in stearic acid (18:0), a significant decrease in oleic acid (18:1) and a significant increase in AA (20:4, n-6) in the grade IV tumors (Fig. 4A ). The fatty acid precursor content for AA (20:4, n-6) or dihomo-gammalinolenic acid (20:3, n-6) was plotted against their prostanoid products PGE 2 , PGF 2α , TXB 2 and PGE 1 (Fig. 4B-E) in the grade IV GBM tumors. Interestingly, a significant correlation between the concentration of precursor versus product was only found for AA and PGE 2 (Fig.   4B ).
Prostanoid concentration increases from grade II/III gliomas to GBMs
The correlation identified between arachidonic acid and its prostanoid pathway product PGE 2 in patient tumors led us to study the profile of prostanoids present in different grades of glioma in order to test whether these change as tumor grade progresses. Tumor prostanoid content was determined using liquid chromatography/ electrospray ionization tandem mass spectrometry. Prostanoids of series-1, 2 and 3 were analyzed and comparisons were made between grade II/III and grade IV gliomas. Prostanoids of series-3 were not identified in the samples, reflecting the absence of their precursor fatty acid eicosapentaenoic acid (20:5, n-3) in the tumors (Fig. 4A) .
In contrast, prostanoids of series-1 and -2 were identified in varying concentrations within the patient tumors ( Fig. 5A-P) . The most abundant prostanoids were PGE 2 , PGF 2α and PGD 2 , as well as thromboxane B 2 which is the deactivation product of the rapidly hydrolyzed thromboxane A 2 . The series-1 prostanoids were present in lower concentrations than the series-2 prostanoids. Significantly higher concentrations of TXB 2 were found in GBMs versus grade II/III tumors, p=0.0158 (Fig. 5B ). This was also seen for PGD 2 , p=0.0043 ( Fig.   5C ), PGF 2α , p=0.0027 ( Fig. 5G ) and PGE 2 , p=0.0015 (Fig. 5I) . These data show an increase in prostanoid metabolism of the series-2 as gliomas progress from grade II/III to grade IV.
Prostaglandin E 2 and prostaglandin F 2α concentrations correlate with grade IV GBM patient survival When the concentration of the significantly altered prostanoids TXB 2, PGE 2 , PGF 2α and PGD 2 were plotted against patient survival a significant correlation was found for PGE 2 .
The higher the concentration of PGE 2 the poorer was patient survival (Fig. 6A ). Median survival for high PGE 2 was 3.5 months versus 11 months for low PGE 2 (p=0.0221). When the concentration of the more abundant PGEM 13, 14 dihydro, 15-keto PGE 2 , was plotted against survival no significant correlation was found in GBM patients (Fig. 6B ). This was also the case for PGEMs where no significant correlation was found (Fig. 6D ). However, when PGE 2 + PGEMs (15-keto PGE 2 and 13, 14 dihydro, 15-keto PGE 2 ) were plotted against survival, the higher the concentration of PGE 2 + PGEMs the poorer was patient survival (Fig.   6C ). Median survival for high PGE 2 + PGEMs was 3 months versus 10 months for low PGE 2 + PGEMs (p=0.0074). This was also seen for PGF 2α where the higher the concentration of PGF 2α the poorer was patient survival (Fig. 6E ). Median survival for high PGF 2α was 4 months versus 12 months for low PGF 2α (p=0.0112). When the concentration of TXB 2 or PGD 2 was plotted against survival no significant correlation was found in GBM patients ( Fig.   6F -G).
Discussion
In this study, we investigated the relationship between the expression of enzymes and products of the prostanoid pathway and patient survival in GBM. While a possible role of the mPGES1 enzyme in patient survival was found in our study and in other datasets, not all studies have identified this enzyme as a predictor of survival in GBM. However, future functional studies should be directed towards identifying the importance of mPGES1 as a potential therapeutic target in GBM as it is already considered a possible target in several cancers [37, 38] with inhibitors available for clinical testing and trials including GRC27864 and LY3023703 [9, 39, 40] .
Novel findings in this study were the correlations found between enzymes of the prostanoid deactivation pathway and GBM patient survival. While the synthesis of prostanoids is increased in GBMs little is known about the deactivation pathway in these tumors. The first enzyme in the pathway 15-HPGD was correlated with patient survival, with higher mRNA levels of 15-HPGD found in patients with better survival outcomes. This is compatible with the idea that potentially increased inactivation of prostanoids such as PGE 2 through enzymatic deactivation could be important for survival. Survival curves from larger datasets also showed a significant relationship between higher 15-HPGD levels and longer survival.
The microRNA miR-21 is a PGE 2 -induced negative regulator of 15-HPGD expression in cholangiocarcinoma and tongue squamous cell carcinoma [41, 42] . miR-21 is also reported to modulate PG signaling and gastric tumorigenesis at least in part through 15-HPGD [43] . This is particularly interesting when we consider glioma studies where miR-21 is upregulated as glioma grade increases, becoming almost twenty-fold higher in GBM samples [44] . It will be an important area of future research to determine whether the increased miR-21 reported in GBM is functionally related to reduced 15-HPGD, increased PGE 2 concentrations and poor patient survival. Another important point is that the deactivation product produced by 15-HPGD's action on PGE 2 , 15-keto PGE 2 , is now recognized to be a potent PPARγ ligand [45, 46] . 15-keto PGE 2 opposes the stimulatory effects of PGE 2 on tumor growth by activating PPARγ which leads to an increase the expression of the cyclin-dependent kinase inhibitor p21 and the blockade of the cell cycle in hepatocellular carcinoma [47] . This is another avenue of research which is worthy of investigation as the balance between PGE 2 and 15-keto PGE 2 could be therapeutically altered with compounds known to increase 15-HPGD expression [48, 49] .
In direct contrast to the findings with 15-HPGD, the second enzyme in the prostanoid deactivation pathway PTGR1 was found to be inversely correlated with patient survival. In this case higher mRNA levels of PTGR1 were found in patients with poor survival outcomes.
Survival curves from larger datasets also showed a significant relationship between higher PTGR1 levels and shorter survival. Although this may at first appear counterintuitive it seems that higher PTGR1 activity could be advantageous to the tumor. Considering that 15-keto PGE 2 may inhibit proliferation as mentioned above for hepatocellular carcinoma, a high level of PTGR1 expression would allow the rapid deactivation of this PPARγ ligand. In our patient data PGE 2 content was higher in GBM than in grade II/III tumors and 15-keto PGE 2 was almost equal, but the PTGR1 product 13, 14 dihydro, 15-keto PGE 2 had a tendency to be higher in GBM, suggesting that potentially inhibitory 15-keto PGE 2 is degraded efficiently by the high PTGR1 levels. In support of this, the PGEM 13, 14 dihydro, 15-keto PGE 2 is more abundant than 15-keto PGE 2 in the GBM samples. The fact that higher PTGR1 expression was in turn correlated with poorer survival suggests that the deactivation of 15-keto PGE 2 may be important and should be investigated further to determine whether this could be a target for drug development in GBM as well as other cancers [50] .
The differences in fatty acid composition seen between grade II/III and grade IV tumors were particularly marked for AA. An earlier study showed that AA content increased in glioma versus normal brain [51] . In GBM, the AA content was significantly correlated to the concentration of PGE 2 but not PGF 2α or TXB 2 , further suggesting the importance of PGE 2 concentration in these tumors. The fact that AA correlated with PGE 2 in GBM's led us to evaluate the prostanoid profile of gliomas in detail. We found that an increase in series-2 prostanoid concentrations was evident in GBM in comparison with grade II/III tumors. When we compared the prostanoid concentration with GBM patient survival a significant correlation was seen for PGE 2 , PGE 2 + PGEMs and PGF 2α . No survival correlation was seen for TXB 2 or PGD 2 in these patients. The results again point to the importance of PGE 2 in GBM and highlight PGF 2α as another series-2 prostanoid of importance in GBM cell biology.
Functional studies to discover the role of PGF 2α in GBM and to expand the understanding of PGE 2 's role in GBM may point to potentially novel targets for the development of new therapeutic approaches to the control of glioma cell proliferation, cell death and migration.
To our knowledge, this is the first report linking prostanoid metabolism and in particular the enzymes mediating their deactivation to survival in glioma patients. The intratumoral concentrations of PGE 2 and its deactivation products are related to patient survival as is the concentration of PGF 2α . Our findings highlight the potential importance of the enzymes 15-HPGD and PTGR1 as prognostic biomarkers which could be used to predict survival outcome of GBM patients. Controlling the balance between the activities of these two enzymes could also be a promising target for the development of novel treatment options in the future. Supplementary Fig. 1 Variation in housekeeping reference genes among GBM patient samples Quantitative real time PCR was used to determine the mean Ct value + SEM for the three housekeeping genes 18S ribosomal RNA (18S), TATA box binding protein (TBP) and
Supplementary Figures
Hypoxanthine phosphoribosyltransferase 1 (HPRT1). One way ANOVA with Tukey's posttest was used with differences considered significant at p<0.05. Supplementary Fig. 2 mRNA expression data versus patient survival for prostaglandin reductase 2 and 3
Kaplan-Meier survival curves for mRNA expression in grade IV tumors from selected databases using Gliovis software for analysis. High and low expression was based on median expression levels for each protein. Rembrandt, Gravendeel, TCGA (Agilent 4502A) and
TCGA RNASeq databases showed no correlation with patient survival unlike those found for PTGR1 in Fig. 1 and 3 . 
